Adherence of lymphocytes to the fungus is the first step in the direct lymphocyte-mediated antifungal effect against Candida albicans. In this study we identified macrophage-1 antigen (Mac-1) (CD11b/CD18, ␣ M /␤ 2 ) as the lymphocyte surface structure responsible for the adhesion of activated lymphocytes to the hyphal form of the fungus. Antibodies specific for epitopes of the ␣-subunit (CD11b) and the ␤ 2 -subunit (CD18) of Mac-1 were shown to completely eliminate lymphocyte adhesion to C. albicans hyphae. Lymphocyte adhesion to C. albicans was also inhibited significantly by known ligands of Mac-1, including the extracellular matrix proteins laminin and fibrinogen, as well as engineered peptides containing arginine-glycine-aspartic acid sequences and the disintegrin echistatin. N-Acetyl-D-glucosamine and ␤-glucan, which inhibit Mac-1-mediated adhesion to the yeast, blocked lymphocyte adhesion to hyphae. NIH 3T3 fibroblast transfectants expressing human CD11b/ CD18 bound to C. albicans, and their binding was inhibited by antibodies specific for CD11b/CD18. Finally, antibodies specific for CD11b/CD18 effectively inhibited the capacity of activated lymphocytes to have an antifungal effect against hyphae. Our results clearly identify Mac-1 (CD11b/CD18) as the lymphocyte surface structure that mediates activated lymphocyte adhesion to C. albicans and the resultant antifungal effect of the lymphocytes.
Fungal infections are a serious public health hazard, particularly for the growing population of immunocompromised individuals. Fungi are the cause of significant morbidity and/or mortality in patients with AIDS, patients undergoing chemotherapy for cancer treatment or for the prevention of transplanted organ rejection, burn patients, surgical patients, trauma patients, the very young, and the aged (18, 19, 39) . One of the leading causes of such infections is Candida albicans. C. albicans is a dimorphic fungus which is found in mammals as part of the normal microbial flora. This fungus is an opportunistic pathogen which can produce life-threatening disease in mammalian hosts who are immunocompromised (12) . Typically, individuals who carry the microorganism do not display symptoms of infection unless they are weakened by an underlying disease or disorder that reduces resistance to microbial invasion. Concern regarding fungal infection is justified and is a consequence of the lack of second-tier drugs and the increasing resistance of fungi to older antifungal drugs (38, 44) . Treatments are palliative and unfortunately, must include strategies for long-term administration of toxic and irritating antifungal agents (14) . Thus, there is strong motive to understand the immune response to this opportunistic pathogen.
Cell-mediated immunity (CMI) mediated by lymphocytes is an important form of host defense against fungi and is probably the principal defense at mucosal and epidermal surfaces (4, 11, 20, 28) . During the CMI response to fungi, lymphocytes can release cytokines that not only enhance CMI but also modulate the antifungal activity of polymorphonuclear leukocytes and macrophages (47) . In addition, natural killer (NK) cells and interleukin-2 (IL-2)-activated lymphocytes (IAL) have been shown to interact directly with and inhibit the growth of fungi (6, 8, 29, 36) . The role of each of these forms of lymphocyte-mediated, antifungal host defense is dependent upon the immune status of the host and upon the individual fungal pathogen (11, 34, 35) .
Previous observations in our laboratory have shown that IAL inhibit hyphal growth of C. albicans (6, 8) . These activated lymphocytes have a large granular lymphocyte appearance, and it has been shown that they must directly contact C. albicans hyphae to inhibit growth (6, 22, 23) . The interaction between lymphocytes and C. albicans has been demonstrated in a number of ways, including competitive inhibition of mammalian cell binding to the fungus (6, 55) , direct measurement of adhesion of lymphocytes to fungal hyphae (22, 23) , and yeast cell stimulation of cytokine synthesis (5, 9, 31) . However, the interactive nature of the lymphocyte surface structures which mediate adhesion to C. albicans have not been well characterized. This investigation was undertaken to identify the structures on IAL that mediate adhesion to C. albicans. mesh and the hub of a syringe. The spleen cells were washed once in HBSS before they were placed in culture medium containing 50 M 2-mercaptoethanol and 1,500 U of IL-2 (Hoffman-LaRoche, Nutley, N.J.) per ml in Falcon 24-well plates (Becton Dickinson) as described previously (8) ; the cell concentration was 2.5 ϫ 10 6 cells per ml. Nonadherent cells were harvested following incubation for 6 days at 37°C, overlaid on lymphocyte separation medium (Litton Bionetics, Kensington, Md.), and centrifuged at 1,000 ϫ g for 20 min. The cells at the interface were washed twice with HBSS prior to assessment of growth-inhibiting activity. These splenocytes were Ͼ99% lymphocytes, as judged by Wright-Giemsa staining.
To prepare human IAL (hIAL), peripheral blood mononuclear cells were obtained by venipuncture from healthy volunteers and isolated with lymphocyte separation medium as described above. The cells were placed in cultures with IL-2 and processed as described above for mouse splenocytes. As judged by flow cytometry at the end of the cell culture period, murine CD8 ϩ lymphocytes accounted for 56.3% Ϯ 5.3% and NK1. (8) . The procedures and reagents used for immunofluorescent analysis by flow cytometry have been described previously (8, 37) .
NIH 3T3 fibroblast transfected clones. In the experiments with NIH 3T3 cells (National Institutes of Health, Bethesda, Md.) we utilized two transfected clones of this murine fibroblast cell line which were gifts from Robert F. Todd III (University of Michigan School of Medicine, Ann Arbor). These cells have been described in detail previously (27) . Clone 3-1 (3T3-1 fibroblasts) expressed no surface CD11b/CD18 or CD16 but did contain the transfected PSV2neo plasmid. Clone 3-19 (3T3-19 fibroblasts) expressed abundant surface CD11b/CD18. These phenotypes were confirmed upon receipt and at regular intervals by immunofluorescent microscopy by using anti-human CD11b mAb OKM1 and anti-human CD18 mAb TS1/18 as described below.
The NIH 3T3 cells were maintained at 37°C in Falcon 75-mm 2 tissue culture flasks (Becton Dickinson) in Dulbecco's modified Eagle's medium containing 4,500 mg of glucose per liter, sodium pyruvate, and L-glutamine (GIBCO) supplemented with 10% fetal bovine serum (Sigma Chemical Co., St. Louis, Mo.), 50 M 2-mercaptoethanol, 100 U of penicillin per ml, 100 g of streptomycin per ml, 25 ng of amphotericin B per ml, 100 M nonessential amino acids, and 2 mM L-glutamine (all obtained from GIBCO). Cells received fresh medium every 3 days and were passaged every 7 to 14 days when they were nearly confluent. Cells used for passage or for experiments were removed from the tissue culture flasks with HBSS without Ca 2ϩ or Mg 2ϩ (HBSS Ϫ/Ϫ ) (GIBCO) (pH 7.4) containing Tris base to adjust the pH and 10 mM EDTA (Sigma Chemical Co.). Nonadherent NIH 3T3 fibroblasts were then washed once in HBSS Ϫ/Ϫ (pH 7.4) without EDTA and resuspended in Dulbecco's modified Eagle's medium for passage or in HBSS Ϫ/Ϫ to minimize clumping during labeling with 51 Cr for use in an adhesion assay. Cells were labeled with 51 Cr as described below for lymphocytes and then washed and resuspended in HBSS (for at least 1 h) as described below; the resultant 51 Cr uptake and radioactive labeling were equal to approximately 5 ϫ 10 4 cpm per 5 ϫ 10 4 cells. C. albicans growth inhibition. The antifungal activity of lymphocytes for C. albicans was determined as described previously (7) . Briefly, the fungal cells used for the experiments were collected from isolated, overnight SDA colonies and washed once in HBSS. The yeasts were resuspended at a concentration of 2 ϫ 10 5 /ml in RPMI 1640, and 1 ϫ 10 4 cells were added to individual wells of 96-well, flat-bottom plates (catalog no. 25861; Corning, Corning, N.Y.). C. albicans hyphal forms were obtained by incubation at 37°C in the presence of 5% CO 2 for 2 h. Effector cells were then added at ratios ranging from 100:1 to 2.5:1. After 3 h of incubation at 37°C in the presence of 5% CO 2 , effector cells were lysed and removed by washing the preparations with water by using a PHD cell harvester (Cambridge Technology, Cambridge, Mass. Adhesion of lymphocytes and NIH 3T3 fibroblasts to C. albicans hyphae. An assay to examine adhesion of lymphocytes and NIH 3T3 fibroblasts to C. albicans hyphae was performed as described previously (23) . Briefly, C. albicans hyphae were prepared by growth in RPMI 1640 for 3 h at 37°C in flat-bottom, 96-well plastic plates (Corning). After 3 h 90 to 100% hyphal confluence was obtained when 10 5 yeast cells were inoculated initially into each well of the assay plates. Mammalian cells labeled with 51 Cr (NEN, Dupont Inc., Wilmington, Del.) were added to individual wells of the assay plates and incubated in a 5% CO 2 incubator at 37°C for 1 h. The assay was terminated by washing and removal of unbound mammalian cells from each well with a Pasteur pipette or a PHD cell harvester. The assay wells were washed three times with HBSS or 0.9% saline, 200 l of 0.5% NP-40 (Sigma Chemical Co.) was added to each well, and the preparations were incubated for 20 min. The 0.5% NP-40-containing supernatants were removed with a Pasteur pipette, and the associated radioactivity was measured by determining the percentage of lymphocyte adhesion to C. (22) . This preincubation step was carried out in a 96-well polystyrene plate (Corning) that had been pretreated with sterile 1% bovine serum albumin (Sigma Chemical Co.) in HBSS at 25°C overnight and washed once with HBSS prior to addition of lymphocytes or NIH 3T3 cells. Each 200-l preincubation mixture was transferred to a well containing C. albicans unless indicated otherwise. The mixtures were incubated with proteins, peptides, or antibodies in HBSS for 1 h at 37°C by using the concentrations indicated below. For all inhibition experiments, the associated radioactivity was determined and was expressed as a percentage of inhibition of mammalian cell adhesion, calculated as follows: {1 Ϫ [(counts per minute for treated experimental preparation Ϫ background counts per minute) Ϭ (counts per minute for untreated experimental preparation Ϫ background counts per minute)]} ϫ 100. Mean percentages of inhibition based on triplicate values obtained in two or more experiments were calculated.
Proteins, peptides, and carbohydrates. The following proteins and peptides were used in this investigation: echistatin, human factor X, human fibrinogen, fibronectin-like engineered protein (FEP), fibrinogen binding inhibitory protein (FBIP) (HHLGGAKQAGDV; residues 400 to 411 from human fibrinogen-␥ fragment), heparin sulfate, major histocompatibility complex (MHC) antigen H-2K b fragment 163-174 (TCVEWLRRYLKN), and peptides GRGDSPK, GRGDTP, GRYDS, RGD, and RGDS (Sigma Chemical Co.); human vitronectin, GRGDSP peptide, and cyclic GPenGRGDSPCA (GRGDSP c ) peptide (Telios Pharmaceuticals, San Diego, Calif.); mouse laminin from Engelbreth Holm Swarm (EHS) cells (GIBCO); and GRGDSP peptide (Peninsula Laboratories, Belmont, Calif.). The carbohydrates used were N-acetyl-D-glucosamine (NADG) and ␤-glucan (from baker's yeast and barley; prepared as described by Ross et al. [41] ), as well as D-glucose, methyl-␣-D-mannopyranoside, and sucrose (Sigma Chemical Co.).
mAbs. Anti-murine mAbs were prepared from hybridoma culture supernatants and were purified by using a column containing recombinant protein A/G as described by the manufacturer (Pierce, Rockford, Ill.). Hybridoma cells were grown under the conditions specified by the American Type Culture Collection, from which all of the hybridoma cells were obtained. The anti-murine mAb hybridomas used and animals of origin were as follows: M1/70.15 (rat anti-mouse CD11b, immunoglobulin G2b [IgG2b]), 5C6 clone 1 (hamster anti-mouse CD11b, IgG), M18/2.A (rat anti-mouse CD18, IgG2a), 2E6 (hamster anti-mouse CD18, IgG), M17/4.4 (rat anti-mouse CD11a, IgG2b), N418 (hamster antimouse CD11c, IgG), and MB23G2 (rat anti-mouse CD45R B , IgG2a). The purchased mAbs used were fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG antibody (Becton Dickinson) and FITC-conjugated goat anti-hamster IgG antibody (Accurate Chemical and Scientific Corp., Westbury, N.Y.).
The mouse anti-human mAbs used were OKM1 (anti-CD11b, IgG2b), TS1/18 (anti-CD18, IgG1), and BBM.1 (anti-␤ 2 microglobulin, IgG2b) (American Type Culture Collection). These antibodies were purified from mouse ascites by using a column containing recombinant protein A/G as described by the manufacturer (Pierce). HEF1 (anti-CD30, IgG1) was used as a purified antibody and was a generous gift from Hans-Martin Jäck (Loyola University of Chicago). TS1/22 (anti-CD11a, IgG1) and TS2/9 (anti-CD58, IgG1) were used as purified antibodies and were generous gifts from Tom Ellis (Loyola University of Chicago). Purified anti-human ␤ 1 integrin CD29, IgG1, clone P4C10 was purchased from Telios Pharmaceuticals, and anti-human p150,95 (CD11c), IgG1, clone SHCL-3 was purchased from Becton Dickinson. All anti-human antibodies were of mouse origin, and the secondary antibody used for immunofluorescence analysis was FITC-conjugated goat anti-mouse antibody (Accurate Chemical and Scientific Corp.). Protein concentrations were determined by the bicinchoninic acid assay (Pierce).
RESULTS
ECM and RGD-mimetic peptides inhibit mIAL adhesion to C. albicans hyphae. Extracellular matrix (ECM) proteins and RGD-mimetic peptides were tested to determine their abilities to inhibit binding of mIAL to C. albicans hyphae (Fig. 1) . The two ECM proteins examined were murine EHS laminin and human fibrinogen. Clear dose-dependent inhibition of mIAL adhesion to hyphae was observed with both of these ECM proteins. The EHS laminin was a slightly more potent inhibitor of mIAL adhesion; the 50% inhibitory concentration (IC 50 ) of this protein was 200 nM while a fibrinogen concentration of 500 nM was required for 50% inhibition of mIAL adhesion. The macrophage-1 antigen (Mac-1) ligand factor X (3) of the blood coagulation cascade was the most potent inhibitor on a molar basis and showed clear dose-dependent inhibition of mIAL adhesion to C. albicans hyphae, with 50% inhibition at a concentration of 55 nM and 25% inhibition at a concentration of 27 nM. In addition, the complex glycoprotein heparin sulfate, which is known to be a ligand for Mac-1 (15), inhibited adhesion of mIAL to C. albicans hyphae (IC 50 , 100 M) (data not shown).
Several RGD-mimetic peptides were also examined to determine their abilities to inhibit mIAL adhesion to C. albicans hyphae (Fig. 1 ). The GRGDSPK peptide had a dose-dependent inhibitory effect on mIAL adhesion to C. albicans hyphae, with an IC 50 of 300 M. The FEP multimer peptide also had a clear dose-dependent inhibitory effect on mIAL adhesion to hyphae; a concentration of 5.5 M completely eliminated adhesion of mIAL to C. albicans hyphae, and the IC 50 was 800 nM. Experiments were carried out to determine whether an additive inhibitory effect could be obtained with the GRGD SPK peptide and mAb M1/70.15 to an epitope on murine CD11b outside the RGD-binding I domain which may be associated with Mac-1 adhesion to hydrophobic ligands (30) . LYMPHOCYTES USE CD11b/CD18 TO ADHERE TO C. ALBICANS 519
Combinations of mAb M1/70.15 (30 g ) and the concentrations of GRGDSPK peptide that were used alone did result in dramatic dose-dependent increases in inhibition by the GRGDSPK peptide; the GRGDSPK concentration that resulted in 50% inhibition of adhesion was 4 M. An irrelevant bioactive peptide fragment containing 12 amino acids (molecular weight, 1,580; sequence, TCVEWL RRYLKN) which inhibited allorecognition and adhesion of C57BL/6 T-cell receptors to the murine MHC H-2K b receptor was found to have no effect on mIAL adhesion to C. albicans at concentrations of 400 and 200 M (45). Several other RGDmimetic peptides were poor inhibitors of mIAL adhesion to C. albicans; 900 M RGDS and 700 M GRGDTP each inhibited adhesion by only 30%, and 700 M GRYDS and 700 M GRGDSP had no effect on mIAL adhesion to C. albicans hyphae (data not shown).
mAbs to murine CD11b/CD18 block adhesion of mIAL to C. albicans hyphae. The mAb that inhibited mIAL adhesion to C. albicans hyphae most completely was OKM1 (mouse anti-human antibody which also binds to murine CD11b, IgG2b) (Fig.  2) . OKM1 virtually eliminated mIAL adhesion to hyphae, and inhibition was more than 90% when 45 g (1.2 M) was used. OKM1 had a clear dose-dependent inhibitory effect on mIAL adhesion to hyphae. The next-most-potent anti-murine CD11b mAb was mAb 5C6 (hamster anti-mouse CD11b, IgG), which inhibited adhesion of mIAL by 70% when 45 g was used and by 60% when 25 g (670 nM) was used (data not shown). Finally, mAb M1/70.15 (rat anti-mouse CD11b, IgG2b), which also binds to human CD11b, inhibited adhesion of mIAL to C. albicans hyphae by 60% when 45 g was used, by 50% when 30 g was used, and by 25% when 15 g was used (data not shown). Two anti-murine CD18 mAbs were tested, and each had a dose-dependent inhibitory effect on mIAL adhesion to C. albicans hyphae. The anti-CD18 mAb 2E6 (hamster antimouse CD18, IgG) inhibited adhesion by 60% when 45 g was used, by 40% when 25 g was used, and by 20% when 10 g was used (data not shown). The anti-CD18 mAb M18/2.A (rat anti-mouse CD18, IgG2a) inhibited mIAL adhesion to hyphae by 50% when 45 g was used, by 40% when 25 g was used, and by 20% when 10 g was used (data not shown). Combinations of anti-CD11b and anti-CD18 mAbs very effectively inhibited mIAL adhesion to hyphae; 25 g of OKM1 plus 15 g of 2E6 inhibited adhesion by 80%, and 25 g of OKM1 plus 15 g of M18/2.A inhibited adhesion by 70%. A combination of 25 g of OKM1 plus 15 g of M1/70.15 resulted in 53% inhibition, and 25 g of OKM1 plus 15 g of 5C6 inhibited mIAL adhesion to hyphae by 57% (data not shown). The irrelevant mAbs used for the mIAL adhesion inhibition experiments were M17/4.4 (rat anti-mouse CD11a, IgG2b), N418 (hamster anti-mouse CD11c, IgG), and MB23G2 (rat antimouse CD45R B , IgG2a) (data not shown). When 45 and 25 g were used, these antibodies had no inhibitory effect on mIAL adhesion to hyphae other than the 10% inhibition observed with 45 g of M17/4.4 Lack of inhibition by these antibodies demonstrated that there was no nonspecific and Fc-mediated inhibition. The data demonstrated that mIAL uses CD11b/ CD18 for adhesion to C. albicans hyphae.
Carbohydrate ligands of Mac-1 selectively inhibit mIAL and hIAL adhesion to C. albicans hyphae. It has been shown that selected carbohydrates block adhesion of neutrophil CD11b/ CD18 to the yeast Saccharomyces cerevisiae (41, 49) . These carbohydrates were examined to determine their abilities to inhibit mIAL adhesion to C. albicans hyphae (Table 1) . A clear dose-dependent inhibitory effect was observed when NADG was used. Although 150 mM D-mannose inhibited mIAL adhesion by only 40%, the combination of 75 mM NADG plus 75 mM D-mannose inhibited mIAL adhesion to hyphae by almost 75%. The carbohydrate ␣-methyl mannoside also had a dosedependent inhibitory effect, with 150 mM inhibiting mIAL adhesion to hyphae by 45% and 75 mM inhibiting mIAL adhesion to hyphae by 19%. Yeast ␤-glucan at a concentration of 4 mg/ml inhibited mIAL adhesion by 75%. The irrelevant carbohydrates (41) sucrose and D-glucose did not inhibit mIAL adhesion to hyphae at a concentration of 150 or 75 mM.
Carbohydrates that characteristically inhibit neutrophil Mac-1-mediated adhesion to yeasts (41) also inhibited hIAL adhesion to hyphae at concentrations that inhibited mIAL adhesion to C. albicans (Table 1) . NADG at a concentration of 150 mM inhibited hIAL adhesion to C. albicans hyphae by 66%, and ␤-glucan from S. cerevisiae at a concentration of 4 mg/ml inhibited adhesion of hIAL to hyphae by 70%. D-Glucose again had no effect on adhesion. The profile of carbohydrate inhibition at these concentrations is characteristic of adhesion mediated by the CD11b/CD18 lectin-like domain (41, 46, 49) .
hIAL adhesion to C. albicans hyphae is inhibited by ECM proteins and RGD-mimetic peptides and mAbs to CD11b/ CD18. Experiments were conducted with a subset of the reagents and anti-human CD11b/CD18 mAbs described above to examine whether hIAL from the peripheral blood of 12 healthy donors also utilized Mac-1 for adhesion to C. albicans hyphae (Fig. 3) . The ECM protein and RGD-mimetic peptide inhibition analysis was not as extensive as the mIAL analysis; however, the fibrinogen fragment FBIP inhibited hIAL adhesion to hyphae, and the IC 50 was the same (340 M). The disintegrin echistatin inhibited adhesion of hIAL to hyphae by 50% at a concentration of 2 M, an effect identical to its effect on mIAL adhesion to hyphae. The Mac-1 ligand and complex glycoprotein heparin sulfate was found to inhibit hIAL by 45% at a concentration of 100 M, which also inhibited mIAL adhesion to hyphae by 50% ( Table 1 ). The GRGDSP c cyclic peptide had no effect on hIAL adhesion to hyphae.
A restricted number of anti-human CD11b/CD18 mAbs, as previously described for a human lymphocyte cell line (YT) (22) , were examined to determine their abilities to inhibit hIAL adhesion to C. albicans hyphae (Fig. 3) . mAb OKM1 (mouse anti-human CD11b, IgG2b) had a dose-dependent inhibitory effect on adhesion; 45 g virtually eliminated hIAL adhesion to hyphae (83% inhibition), when 25 and 15 g were used, adhesion was inhibited by 72 and 28%, respectively. mAb M1/70.15 (rat anti-mouse CD11b, IgG2b) was tested only at a dose of 45 g, which inhibited hIAL adhesion to hyphae by 42%. The combination of 25 g of OKM1 plus 25 g of M1/70 inhibited adhesion of hIAL by 75%. Anti-human CD18 mAb TS1/18 had a dose-dependent inhibitory effect on hIAL adhesion; 45 g inhibited hIAL adhesion to hyphae by 68%, while 25 g inhibited adhesion of these lymphocytes by 22%. The combination of 25 g of OKM1 plus 25 g of TS1/18 inhibited hIAL adhesion to C. albicans hyphae by 82%. The irrelevant mAbs utilized in the hIAL experiments were TS2/9 (mouse anti-human CD58, IgG1) (43), BBM.1 (mouse anti-human ␤ 2 microglobulin, IgG2b), P4C10 (mouse anti-human CD29, IgG1), TS1/22 (mouse anti-human CD11a, IgG1) (16), and MB23G2 (rat anti-mouse CD45R B , IgG2a) (data not shown). TS1/22 mAb inhibited hIAL adhesion by 10% when 45 g was used and had no effect on hIAL adhesion when 25 g was used (data not shown). The other mAbs had no effect on hIAL adhesion to C. albicans hyphae when either 45 or 25 g was used (data not shown). Overall, the hIAL data are in agreement with the mIAL inhibition data and identify CD11b/CD18 as the means by which lymphocytes adhere to C. albicans.
Murine 3T3-19 fibroblasts expressing transfected human Mac-1 exhibit Mac-1-specific adhesion to C. albicans hyphae. The experiments with mIAL and hIAL described above indicated that Mac-1 (CD11b/CD18) is the principal adhesion molecule which mediates binding of these activated lymphocytes to the hyphae of C. albicans. To confirm the ability of Mac-1 to mediate this adhesion, mouse NIH 3T3 fibroblasts expressing transfected human CD11b/CD18 (3T3-19 fibroblasts) were examined to determine their adhesion to C. albicans hyphae compared to the adhesion of NIH 3T3 fibroblasts expressing The effects of several carbohydrates on adherence were assessed by the competitive binding assay as described in the legend to Fig. 2 . The data are the data for the maximum concentrations used; multiple carbohydrate concentrations were tested. no CD11b/CD18 (3T3-1 fibroblasts). 51 Cr-radiolabeled fibroblasts (5 ϫ 10 4 cells) expressing CD11b/CD18 (3T3-19) bound C. albicans hyphae with 49,210 Ϯ 2,160 cpm (mean Ϯ standard deviation), while only 512 Ϯ 120 cpm was associated with plastic wells containing the same fibroblasts and no C. albicans. In contrast, 1,465 Ϯ 42 cpm was associated with 5 ϫ 10 4 51 Cr-radiolabeled 3T3-1 fibroblasts when they were incubated with C. albicans hyphae, and 595 Ϯ 80 cpm was associated when they were incubated in plastic wells without C. albicans. Competitive inhibition of adhesion of 3T3-19 fibroblasts to C. albicans is shown in Fig. 4 . Anti-CD11b mAb OKM1 was tested over a broad range of concentrations and was found to inhibit adhesion of 3T3-19 fibroblasts to C. albicans in a clearly concentration-dependent manner. mAb OKM1 inhibited adhesion by 67% when 45 g was used, by 57% when 40 g was used, by 38% when 25 g was used, by 32% when 20 g was used, by 22% when 15 g was used, and by 10% when 10 g was used and had no effect on 3T3-19 fibroblast adhesion to hyphae when 5 g was used. Anti-CD18 mAb TS1/18 also had a concentration-dependent inhibitory effect on 3T3-19 adhesion to C. albicans; 45 g of TS1/18 inhibited 3T3-19 adhesion to hyphae by 28%, while 25 g of TS1/18 inhibited 3T3-19 adhesion to hyphae by only 9%. That 3T3-19 adhesion to C. albicans hyphae is CD11b/CD18 specific was also demonstrated by the dramatic 85% inhibition of adhesion by 25 g of OKM1 plus 25 g of TS1/18. Further verification of the specificity was obtained with the anti-murine CD29 mAb, which reacted with the murine ␤ 1 integrin chain on the surface of the 3T3-19 fibroblasts and had no effect on 3T3-19 adhesion to C. albicans (Fig. 4) . The data confirm that CD11b/CD18 can mediate specific adhesion to C. albicans hyphae. To demonstrate that adhesion of 3T3-19 transfectants to hyphae is Mac-1 specific, NIH 3T3 fibroblasts that were subjected to the transfection protocol but did not express Mac-1 (3T3-1 fibroblasts) were also examined. The 3T3-1 fibroblasts exhibited no significant adhesion to C. albicans hyphae above the background levels, and the results were not different when the anti-CD11b mAb OKM1 or the anti-CD18 mAb TS1/18 was added (Fig. 4 ). These data demonstrate that only transfectants expressing CD11b/CD18 bind to C. albicans hyphae. FIG. 3 . mAbs to CD11b/CD18 and RGD-mimetic proteins inhibit adhesion of hIAL to C. albicans. Adhesion of hIAL to C. albicans was assessed by measuring the retention of 51 Cr-labeled lymphocytes in the presence of the following mAbs to CD antigens and RGD-mimetic proteins: for CD11b, OKM1 (mouse anti-human, IgG2b) and M1/70.15 (rat anti-mouse, IgG2b); for CD18, TS1/18 (mouse anti-human, IgG1); for CD58, TS2/9 (mouse anti-human LFA-3, IgG1); for CD11a, TS1/22 (mouse anti-human LFA-1, IgG1); FBIP; echistatin, a disintegrin RGD-specific integrin inhibitor; heparin, an RGD-containing ECM protein; and GRGDSP c , a cyclical molecule with the sequence GPenGRGDSPCA (where Pen is penicillamine). The conditions and adhesion assessments protocol used are described in Materials and Methods. The data are the data from 12 separate preparations obtained with human peripheral blood mononuclear cells and are means Ϯ standard deviations.
RGD-mimetic peptides alone and in combination with mAbs to CD11b/CD18 inhibit adhesion of 3T3-19 (Mac-1
؉ ) transfectants to C. albicans. To confirm the observations described above, experiments were performed with 3T3-19 transfectants to determine whether inhibition of lymphocyte adhesion to C. albicans hyphae by RGD-mimetic peptides was specific for Mac-1-mediated adhesion (Fig. 5) . The FBIP peptide at a concentration of 340 M and the GRGDSPK peptide at a concentration of 140 M had no effect on 3T3-19 adhesion to C. albicans hyphae. Because these two peptides clearly inhibited adhesion of IAL to hyphae by 50% at these concentrations, the peptides were tested with low concentrations of mAbs to CD11b, as shown in Fig. 1 . The anti-CD11b mAb M1/70.15 inhibited adhesion of 3T3-19 fibroblasts to hyphae by 25% when 30 g was used, but when 30 g of anti-CD11b mAb M1/70.15 was combined with 340 and 170 M FBIP peptide, 3T3-19 adhesion was inhibited by 70 and 53%, respectively. The anti-CD11b mAb OKM1 inhibited 3T3-19 adhesion to hyphae by 22% when 15 g was used alone, but when 15 g of this mAb was combined with 140 M GRGDSPK peptide, 3T3-19 fibroblast adhesion to hyphae was inhibited by 40%. A similar effect was observed for the OKM1 mAb and the antihuman CD18 mAb TS1/18 (Fig. 5) . When 45 g of TS1/18 was used, 3T3-19 adhesion was inhibited by 25%, but 25 g of TS1/18 had no effect on 3T3-19 adhesion to hyphae (data not shown). However, 15 g of OKM1 plus 15 g of OKM1 plus 15 g of TS1/18 resulted in enhanced inhibition (84% inhibition of 3T3-19 fibroblast adhesion to C. albicans hyphae). Similarly, 15 g of OKM1 plus 15 g of M1/70.15 inhibited 3T3-19 transfectant adhesion by 58%.
mAbs to CD11b/CD18 block growth inhibition of C. albicans hyphae by mIAL. Finally, experiments were carried out to investigate whether inhibition of CD11b/CD18-mediated adhesion of mIAL to C. albicans hyphae was functionally relevant to inhibition of the growth of the fungus by these IAL (Fig. 6) . The growth inhibition assay utilizes uptake of [ 3 H]uridine to compare growth of treated and untreated hyphae (7) . The mIAL utilized for these experiments were preincubated either with no mAb or with an mAb for 1 h; then they were added to hyphae for 3 h or removed, and [ 3 H]uridine was added for 2 h. Baseline values were obtained by using wells containing no mIAL and wells containing mIAL but no mAb (Fig. 6, bars 1  and 2 ). Some C. albicans hyphae also were treated with antiCD11b mAbs M1/70.15 and OKM1 without mIAL (Fig. 6 , bars 3 and 6, respectively). This treatment had no significant effect on fungal growth (P Ͼ 0.05, as determined by Student's t test). Similarly, mIAL treated with the irrelevant mAbs to murine CD11a (M17/4.4) (Fig. 6 , bars 9 and 10) and CD11c (N418) (Fig. 6 , bars 11 and 12) inhibited hyphal growth, and their effects were not significantly different (P Ͼ 0.05) from the effects of untreated mIAL (Fig. 6, bar 2) . With both antiCD11b mAbs, dose-dependent blocking of mIAL inhibition of C. albicans growth was observed. OKM1 and M1/70.15, tested separately, at a dose of 45 g, completely eliminated mIAL inhibition of growth of C. albicans hyphae (Fig. 6 , bars 4 and 7). There was not a significant difference (P Ͼ 0.05) between the values obtained in these experiments and the baseline values obtained without added mIAL either with or without mAbs (Fig. 6, bars 1, 3, and 6 ). These data showed that the anti-CD11b mAbs had a significant (P Ͻ 0.05) (Fig. 6 , bar 4 versus bar 2) blocking effect on mIAL inhibition of C. albicans growth. Significant (P Ͻ 0.05) growth inhibition by mIAL was evident when 25 g of OKM1 was used (43%) (bar 8 versus bar 6) and when 25 g of M1/70.15 was used (19%) (bar 5 versus bar 3), although the level of growth inhibition obtained with each of these mAbs was significantly less (P Ͻ 0.05) than the 58% inhibition observed with mIAL alone (Fig. 6, bar 2) .
DISCUSSION
Direct, lymphocyte-mediated effects on C. albicans are absolutely dependent on intimate contact between lymphocytes and the fungus (8, 31) . In this study we found that this contact can be inhibited by mAbs specific for epitopes of the ␣ M subunit (CD11b) and the ␤ 2 subunit (CD18) of the integrin Mac-1. Furthermore, significant inhibition of lymphocyte adhesion to C. albicans was achieved with ECM proteins, as well as with peptides containing arginine-glycine-aspartic acid (RGD) sequences and with NADG and ␤-glucan. It has been shown previously that IL-2-activated CD8 ϩ lymphocytes are capable of directly interacting with and inhibiting the growth of the fungus (8) and that IL-2-activated NK cells are also capa- The results presented here clearly demonstrate that the major means by which these highly activated lymphocytes interact with C. albicans is through CD11b/CD18. Moreover, it is not surprising that the Mac-1 receptor mediates adhesion of lymphocytes to C. albicans. Several integrins have been shown to mediate adhesion to microorganisms (13) . The ␤ 2 leukocyte integrins are expressed only on cells of the immune system (48) . Mac-1 is expressed on macrophages, dendritic cells, neutrophils, eosinophils, basophils, mast cells, large granular lymphocytes (including NK cells), B cells (especially CD5 ϩ cells), and T cells (especially CD8 ϩ cells) (26) . CD11b/ CD18 is dramatically upregulated on both mIAL and hIAL (17, 32, 50) , and the structures of murine and human CD11b/ CD18 molecules are very similar (21) . With regard to the domains of the CD11b/CD18 molecule that bind to C. albicans, the I domain has been shown to be sufficient to support binding of lymphocytes to C. albicans (24) . However, the anti-murine CD11b mAb M1/70.15 has been shown to map outside domain I of human CD11b to an area possibly responsible for Mac-1 hydrophobic adhesion (54) . Also, the anti-human CD11b mAb OKM1 is known to bind the lectin domain of human Mac-1 (16, 49) . Each of these mAbs blocked mIAL and hIAL at similar levels; the maximum inhibition by M1/70 was in the 35 to 45% range, and the maximum inhibition by OKM1 was 84% for hIAL and 92% for mIAL. In addition, ␤-glucan and NADG (as the chitin polymer) are known ligands for the lectin-like domain of Mac-1 and are predominant components of the surface of C. albicans hyphae FIG. 6 . mAbs to CD11b/CD18 block inhibition of growth of C. albicans hyphae by mIAL. Inhibition of C. albicans growth was assessed by measuring the incorporation of [ 3 H]uridine after treatment with mIAL. mAbs either were added to hyphae alone or were preincubated with mIAL as shown in Fig. 1 . The following mAbs to CD antigens were used: for CD11b, OKM1 (mouse anti-human, IgG2b) and M1/70.15 (rat anti-mouse, IgG2b); for CD11a, M17/4.4 (rat anti-mouse, IgG2b []); and for CD11c, N418 (hamster anti-mouse, IgG). An asterisk indicates that data are statistically significantly different (P Ͻ 0.05), as determined by Student's independent t test. An asterisk with a superscript a indicates that there was statistically significant blocking of mIAL-mediated growth inhibition by 45 g of mAb M1/70 (bar 4) or OKM1 (bar 7). An asterisk with a superscript b indicates that there was statistically significant growth inhibition by mIAL treated with 25 g of M1/70 (bar 5 versus bar 2 or 3) or 25 g of OKM1 (bar 8 versus bar 2 or 6). Note that the baseline mean growth inhibition value, 58% (bar 2), was compared to four values (bars 9, 10, 11, and 12) to test significance, and the differences were found to be not significant (P Ͼ 0.05). The data are means Ϯ standard deviations based on two or more experiments. (25) . Therefore, it is likely that the interaction between lymphocytes and C. albicans hyphae is complex with multiple interactive interfaces. Nonetheless, it is clear that lymphocytes from both mice and humans utilize CD11b/CD18 molecules as the principal structures for adhesion to C. albicans hyphae.
Several ECM and blood proteins, which are documented ligands for Mac-1, inhibited mIAL and hIAL adhesion to C. albicans hyphae. The complex glycoprotein heparin has been determined to be a Mac-1 ligand and inhibited adhesion well; the IC 50 for mIAL was 100 M, compared to an IC 50 for blocking Mac-1 adhesion to heparin-coated plastic of 9.0 M (15). Fibrinogen has been shown by many workers to be a ligand for Mac-1 and is bound only by activated Mac-1 (2, 52). For mIAL, the documented Mac-1 ligand factor X had a clear dose-dependent inhibitory effect on adhesion to hyphae, and the IC 50 was similar to previously published values (1, 42) . RGD-mimetic peptides also inhibited lymphocyte adhesion to C. albicans. GRGDSPK peptide sequences from fibronectin (53) had a dose-dependent inhibitory effect on mIAL adhesion to hyphae. The IC 50 for this peptide, 300 M, is similar to 400 M, the IC 50 for inhibition of C3bi-coated erythrocytes (EC3bi) with an RGD-mimetic peptide containing the C3bi sequence TRYRGDQDATMS (51) . The engineered GRGDSPcontaining peptide FEP inhibited lymphocyte adhesion to C. albicans hyphae. Tertiary structure is clearly important, as emphasized by the results obtained with the ␣ v ␤ 3 -specific circular GRGDSP peptide, which had an identical RGD sequence but had no effect on adhesion (40) . The potent inhibitory activity of FEP may also be due to the multiple GRGDSP repeats contained within each molecule which can interact with clustered integrins (33) . Finally, the integrin inhibitor echistatin inhibited adhesion of mIAL and hIAL potently, with an IC 50 of 2.0 M. To our knowledge, this is the first demonstration of inhibition of Mac-1 by any disintegrin. Echistatin contains two RGD-mimetic sequences in a circular peptide, CKRARGD-. . .DMDDYC (10) . In summary, the RGD-mimetic peptide, ECM, and blood protein inhibition data support the hypothesis that Mac-1 has a principal role in mediating activated lymphocyte adhesion to C. albicans hyphae.
The 3T3-1 fibroblasts exhibited only background adhesion to C. albicans hyphae. In contrast, 3T3-19 fibroblasts bound to C. albicans hyphae and were inhibited in a dose-dependent manner by OKM1 and TS1/18. Adhesion of 3T3-19 cells was not affected by an mAb to murine CD29 (␤ 1 integrin) that reacted with the cell line. GRGDSPK and FBIP, two RGD-mimetic peptides that inhibited mIAL adhesion to hyphae, had no inhibitory effect on 3T3-19 adhesion to the fungus when they were used alone. However, in combination with OKM1 and M1/70.15 (both of which are anti-CD11b mAbs) both GRGD-SPK and FBIP inhibited adhesion of 3T3-19 transfectants in a concentration-dependent manner. The data from the 3T3-19 transfectant mAb inhibition studies confirmed that CD11b/ CD18 expressed on mammalian cells is capable of mediating specific, mAb-inhibitable adhesion to C. albicans hyphae. These data suggest that there are differences between activated lymphocytes and the fibroblasts, but confirm that the integrin inhibitable with RGD-mimetic peptides on mIAL and hIAL is indeed CD11b/CD18, and support the hypothesis that crosslinking has a role in activation of Mac-1 adhesion to such peptides.
To confirm that Mac-1 has a primary physiological role during mIAL-mediated inhibition of growth of C. albicans hyphae, experiments were conducted to examine the effect of mAbs to CD11b/CD18 on mIAL antifungal activity. A 45-g dose of OKM1 (anti-CD11b), which inhibited mIAL adhesion by 92%, completely eliminated mIAL inhibition of C. albicans growth. A concentration-dependent effect for OKM1 inhibition was demonstrated by using 25 g of OKM1, which resulted in 43% inhibition of growth by mIAL. This effect was significantly different (P Ͻ 0.05, as determined by a t test) from the 58% inhibition obtained with mIAL alone and thus represented an intermediate level of inhibition compared to the data obtained with 45 g of OKM1. Similar results were obtained with mAb M1/70.15 (anti-CD11b), which eliminated mIAL inhibition of growth when 45 g was used and had a significant (P Ͻ 0.05) concentration-dependent effect, further demonstrating specificity, similar to the effect of OKM1. The anti-CD11b mAbs OKM1 and M1/70.15 did not inhibit C. albicans growth when they were used alone without mIAL. mAbs to murine CD11a (M17/4.4) and murine CD11c (N418) had no effect on mIAL anticandidal activity. These data confirmed that CD11b/CD18 has a principal role in mediating adhesion of mIAL to C. albicans hyphae during mIAL-mediated growth inhibition of the fungus.
